Purpose: Given limited data available on long-term outcomes in 22q11.2 deletion syndrome (22q11.2DS), we investigated mortality risk in adults with this microdeletion syndrome.
INTRODUCTION
22q11.2 deletion syndrome (22q11.2DS) (OMIM 188400/ 192430) is the most common microdeletion syndrome, affecting an estimated 1 in 3000-4000 live births. Overall penetrance of features associated with 22q11.2 deletion syndrome is very high but there is wide phenotypic variability. 1 Associated features may be of early or later onset, and may include congenital anomalies, developmental delay, somatic medical conditions, and psychiatric illnesses such as schizophrenia. 1 In studies primarily involving pediatric samples, the reported overall mortality in 22q11.2DS was 4% in one study and 14% in another, with median ages of death of 5 months and 3.4 months, respectively, most commonly involving serious heart defects. 2, 3 Given advances in diagnostic and pediatric care over recent decades, the vast majority of patients survive into adulthood. 3, 4 Therefore, long-term outcome data are of importance to patients, families, and clinicians. About a decade ago, we reported that adults with 22q11.2DS died prematurely relative to their unaffected siblings. 5 However, this study lacked the power to determine whether there were significant effects of major features of 22q11.2DS, such as congenital heart disease (CHD). Understanding how such variables affect mortality in 22q11.2DS could allow us to identify patients at higher risk for premature death and inform clinical practice.
In the current study, we employed a prospective case-control design to investigate the degree to which the 22q11.2 deletion, and its major associated features, may increase the risk of mortality in adults with 22q11.2DS compared with their siblings and parents. We predicted that major CHD, 6 and potentially other 22q11.2DS-associated features such as intellectual disability, 7 could increase risk for all-cause mortality, independent of the global effects of the 22q11.2 deletion.
MATERIALS AND METHODS
We prospectively studied all-cause mortality and survival in adults with 22q11.2DS compared with that of their unaffected siblings and parents. Informed consent was obtained in writing, and the study was approved by the local research ethics boards of hospitals (Centre for Addiction and Mental Health and University Health Network) affiliated with the University of Toronto.
Adults with 22q11.2DS
We included all 309 consenting individuals with 22q11.2DS (148 male, 161 female) who were 17 years or older as of 31 December 2017 and confirmed to have a typical chromosome 22q11.2 deletion (i.e., including the LCR22A-LCR22B region, most commonly involving the 2.5-Mb LCR22A-LCR22D region) 1 by standard methods, as previously described. 5, 8 All patients were ascertained through a specialty clinic for adults with 22q11.2DS (The Dalglish Family 22q Clinic or the Clinical Genetics Research Program, Toronto, Canada), through referrals (from genetics, psychiatric, or other sources) and/or active screening, mostly at an adult congenital cardiac clinic. 8 We retained 100 adults (of 102, i.e., excluding two subjects with atypical 22q11.2 deletions) where there were 12 deaths (compared with none in their siblings). 5 Ethnicity was characterized as European (n = 260, 84.1%) or non-European descent, with the latter comprising Asian (n = 24, 7.8%), African (n = 10, 3.2%), or other including mixed (n = 15, 4.9%) ethnicity. Of the 309 subjects from 291 families, 275 were singleton affected individuals, 28 were from 14 families with two affected individuals, and there were two families with three affected individuals.
Unaffected siblings
For this study, there were 469 unaffected siblings (231 male, 238 female), comprising 383 full and 86 half (38 maternal, 48 paternal) siblings, of the 22q11.2DS group who met our inclusion criteria. 5 Included siblings had survived to age 17 years or older as of 31 December 2017, had sufficient clinical data available for analyses, and had evidence they were unaffected with a 22q11.2 deletion: 5,9 negative molecular result for the 22q11.2 deletion (n = 46 siblings), the respective affected proband was known to have a de novo 22q11.2 deletion (n = 253 siblings), or deemed to have a probable de novo 22q11.2 deletion (136 siblings), or where the respective affected proband had an inherited 22q11.2 deletion, the sibling did not meet clinical screening criteria for 22q11.2DS (n = 34 siblings). 5, 9 These methods excluded 49 siblings with inadequate molecular and/or clinical screening data; 22 (7.1%) of the 309 subjects with 22q11.2DS had no siblings to include in the study.
Unaffected parents
We included 545 unaffected parents (277 mothers, 268 fathers) of the patients with 22q11.2DS in the study. These comprised parents of subjects with confirmed (n = 316 parents) or probable (n = 150 parents) de novo 22q11.2 deletions, or where there was no suspicion the parent had the 22q11.2 deletion based on clinical screening criteria (n = 79 parents). 9 
Outcome measures
All-cause mortality was the primary outcome measure and survival was defined as years since age 17.0 years, with age recorded to the nearest 0.1 year as of 31 December 2017, death, or date at last contact for families lost to follow-up. Online obituary searches supplemented the available clinical data on mortality for the 1323 subjects in this study (n = 309 with 22q11.2DS and their 1014 relatives). To establish the cause of death, we obtained medical records and postmortem results where available. 5,10 A natural death from a presumed cardiac cause occurring within a short period of time, in a person without any prior fatal conditions, was defined as sudden cardiac death. 11 We did not assess for specific genes, such as TANGO2, that may relate to various causes of death. 12 We also assessed whether certain clinical features of 22q11.2DS increased the risk of mortality in these patients. For this, we used data available from comprehensive medical and psychiatric records for the patients with 22q11.2DS, and collateral history from participating relatives. 8, 13 Extensive family history data and regular updates from family contacts provided sufficient information for siblings and parents with respect to all predictor variables. We selected 22q11.2DSrelated features based on their potential to contribute to mortality and where we had data for the entire sample: CHD, intellectual disability, and psychotic illness. 7, [14] [15] [16] [17] As before, we classified CHD by structural complexity and deemed those with moderate or complex conditions as major CHD (n = 112) (refs. 5, 6 ); this included most commonly tetralogy of Fallot (n = 80, 71.4%). A DSM-IV diagnosis of moderate to severe mental retardation was classified as intellectual disability. 18, 19 Psychotic illness was defined as lifetime DSM-IV diagnosis of any psychotic disorder (e.g., schizophrenia, schizoaffective, other nonaffective psychotic disorder, or psychotic mood disorder). 19 We also used age at laboratory diagnosis in the model to account for possible effects associated with late diagnosis (e.g., lack of typical congenital features that can prompt early diagnosis). 8 In post hoc analyses, we compared mortality results for the subgroup (n = 100) studied in our previous paper 5 to those for the more recently ascertained cohort (n = 209) of adults with 22q11.2DS; there were no significant differences between these subgroups on prevalence of female sex, major CHD, intellectual disability, or psychotic illness (data not shown).
Statistical analyses
The main comparisons were between the 22q11.2DS cohort and unaffected siblings. We used Cox proportional hazards modeling to calculate hazard ratios (HR) for all-cause mortality using the following predictor variables: 22q11.2 deletion status, major CHD, 5 psychotic illness, 15 intellectual disability, 14 and sex. For the model examining mortality within the 22q11.2DS cohort we used the same predictor variables, and age at laboratory diagnosis 8 instead of 22q11.2 deletion. Kaplan-Meier curves were constructed to assess survival in the 22q11.2DS cohort compared with their unaffected siblings and parents. For descriptive statistics, we used Fisher's exact tests (FETs), χ 2 tests, and Wilcoxon twosample tests, as appropriate. The data met the assumptions of the test. Statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC). Two-tailed p values <0.05 were considered statistically significant.
RESULTS
There were 1323 individuals from 291 families included in the study, 309 adults with 22q11.2DS and their 1014 relatives. Individuals with 22q11.2DS and their families were followed for up for 0.1 to 21.5 (median 5.3) years, reflecting both the long-term follow-up and active ongoing recruitment in our study. Table 1 summarizes the demographic and clinical variables for the sample studied. The prevalence of psychotic illness and major CHD among unaffected siblings and parents ( Table 1 ) was consistent with general population expectations. 6, 20 There were 31 (13 male, 18 female) adults with 22q11.2DS (10.0%) who had died, at a median age of 46.4 (range 18.1-68.6) years. Six (4 male, 2 female) unaffected siblings (1.3%) had died at a median age of 58.3 (range 23.6-83.0) years and 79 (48 male, 31 female) unaffected parents (14.5%) had died at a median age of 64.6 (range 17.4-93.0) years. For the 30 deceased adults with 22q11.2DS for whom we had parental data, 13 (43.3%) had died while both parents were living, 10 (33.3%) while one parent was still living, and seven (23.3%) had outlived both parents.
Risk factors for all-cause mortality in 22q11.2DS
Consistent with our hypothesis, the Cox proportional hazards model for all-cause mortality comparing 22q11.2DS with unaffected siblings was highly significant ( Table 2 ). The 22q11.2 deletion (HR 8.86, 95% CI 2.87-27.37, p = 0.0002) and the presence of a major CHD (HR 5.03, 95% CI 2.27-11.17, p < 0.0001) were independent factors associated with increased risk of all-cause mortality in adults with 22q11.2DS, when controlling for other covariates ( Table 2 ). There were no significant effects of intellectual disability, psychotic illness, or sex on mortality.
Results of the Cox proportional hazards model within the 22q11.2DS cohort were similar. Major CHD was a significant risk predictor of all-cause mortality (HR 4.77, 95% CI 2.05-11.10, p = 0.0003, Table 2 ). As expected, 8 later age at laboratory diagnosis of a 22q11.2 deletion was associated with a significantly lower risk of all-cause mortality when controlling for other factors (HR 0.94, 95% CI 0.90-0.98, p = 0.0032, Table 2 ). Although results for other variables were nonsignificant, the effect of intellectual disability was at the trend level in this model ( Table 2) . A post hoc analysis that added a variable to account for the 100 adults previously Age at molecular cytogenetic diagnosis (e.g., fluorescence in situ hybridization and typical 22q11.2 deletion region probe) or microarray diagnosis of a typical 22q11.2 deletion in years. 8 studied 5 versus the 209 subjects more recently ascertained did not materially change the regression results, and there was no statistically significant difference in the proportion with allcause mortality, or in median age at death, between these subgroups (data not shown).
Survival in 22q11.2DS
Kaplan-Meier curves showed significantly lower survival in adults with 22q11.2DS compared with their unaffected siblings ( Fig. 1a ; log rank χ 2 = 59.7, df = 1, p < 0.0001). Results were similar in comparisons with unaffected parents, for both fathers (log rank χ 2 = 55.4, df = 1, p < 0.0001) and mothers (log rank χ 2 = 68.4, df = 1, p < 0.0001) (Supplementary Figures 1a and 1b, respectively) . Within the 22q11.2DS cohort, there was a significant effect of major CHD on survival that was apparent by early adulthood (Fig. 1b ; log rank χ 2 = 19.5, df = 1, p < 0.0001). The probability of survival to ages 40 and 50 years was approximately 82% and 63%, respectively, for those with major CHD, and 98% and 85%, respectively, for those with no major CHD (Fig. 1b) . Patients with a major CHD died at a significantly younger median age (37.3, range 19.0-58.9, years; n = 15 of 112, 13.4%) compared with those with no major CHD (50.7, range 18.1-68.6, years; n = 16 of 197, 8.1%; Z = 2.89, p = 0.0039). There was a nonsignificant trend for longer survival in the more recently ascertained subgroup of 209 individuals compared with those ascertained 10 or more years ago (log rank χ 2 = 3.47, df = 1, p = 0.0623) (ref. 5 ). Table 3 shows causes of death for the 31 adults with 22q11.2DS who had died and the relationship to complexity of CHD. The most common causes of death in 22q11.2DS were cardiovascular in nature (n = 22, 71.0%). Although heart failure and arrhythmia were only documented for those with major CHD, sudden cardiac death (n = 12, 38.7%) appeared prevalent regardless of CHD severity ( Table 3) . Cancer, not observed in our original study, 5 was tied for the third most common cause of death. To the best of our knowledge, patients who died were receiving routine medical care, and not actively using recreational drugs (excluding cigarettes).
Cause of death
Given that all deaths in our 22q11.2DS cohort occurred under age 70 years and thus could be considered premature, 21 we examined the cause of death in this age range for unaffected siblings and parents. For the four of five siblings where we could determine cause of death, two were sudden cardiac deaths (males, aged 30.8 and 56.8 years), one an accidental death (male, 23.6 years), and one ovarian cancer (female, 59.7 years). Of 47 parents who had died prematurely (28 fathers, 19 mothers; median age at death 56.8, range 17.4-69.7, years; 15 with insufficient data on cause), the most common known cause was cancer (n = 14, 29.8%). The second most common causes were cardiovascular (n = 9, 19.1%: myocardial infarction [n = 3], two each of arrhythmia, sudden cardiac death, and cardiac surgical complications). The remaining 9 parents died of accidents (n = 3), drug overdose (n = 2), and one each of suicide, ruptured gallbladder, complications due to diabetes mellitus, and bacterial endocarditis. Notably, 16 (30.8%) of these 52 premature deaths involved relatives of the 31 adults with 22q11.2DS who had died.
DISCUSSION
To our knowledge, this is the largest study of all-cause mortality and survival in adults with 22q11.2DS. Using siblings and parents as comparison groups, the results showed that the 22q11.2 deletion was a significant factor in both mortality risk and reduced survival. The median age at death observed was 46.4 years, and all deaths occurred before the age of 70 years in this still relatively young sample. Nonetheless, a substantial minority of patients with 22q11.2DS had outlived both of their parents. As for other genetic conditions, 22 congenital cardiac disease was an additional independent risk factor for all-cause mortality. These results collectively are likely to be important for genetic counseling and have implications for patients, and their families and caregivers.
Clinical features and their effect on mortality
On average, adults with 22q11.2DS in the cohort studied had a median age at death about 35 years younger than a respective Canadian norm of 81.7 years. 21 Those with major CHD died on average about 44 years younger. 21 Nonetheless, the overall median age at death was approximately 5 years older than that reported 10 years ago for the initial subsample of 100 patients. 5 Also, the current results suggested a trend toward increasing survival of adults with 22q11.2DS in a more recently ascertained subgroup. As for other genetic conditions, 22 and as suggested by other studies of younger cohorts, one may expect further gains in survival in 22q11.2DS related to advances in technology with regard to cardiac and other pediatric surgery and to early diagnosis. [23] [24] [25] As people with genetic syndromes and intellectual disability live longer, issues pertaining to multimorbidity arise 26 and the related burden of ongoing care that often falls to caregivers. 27 These issues may be of interest to policy makers to ensure adequate health-care management for these growing populations. 7, 14, 17, 27 The other 22q11.2DS features investigated did not show significant independent effects on mortality risk once the global effects of 22q11.2 deletion and major CHD were accounted for. This may not be surprising for psychotic illness, given that a recent Canadian population-based study reported mean age at death of 76.7 years for individuals with schizophrenia, approximately 8 years younger than those without schizophrenia, 28 but far older than our cohort with 22q11.2DS. Results for intellectual disability 14 had a small independent effect on mortality though did not reach statistical significance. This may be related to effect size, and perhaps the regular follow-up care for our cohort in contrast to the general population with intellectual disability, where barriers to accessing health care and preventable causes contribute to mortality. 14, 29 
Causes of death
The top causes of death in 22q11.2DS were cardiovascular in nature, accounting for 70.1% of deaths observed to date. Consistent with our previous report, 5 sudden cardiac death remained the most common cause of mortality. This is far greater than the estimated general population prevalence of 60 per 100,000 individuals, 5,30 even if one considers only the 7 (3.6%) of 197 individuals with no major CHD who died of this cause. In the absence of major structural cardiac causes, the etiology of these sudden deaths is unclear, as in the general population, and may relate to arrhythmia predisposition. 30, 31 Interestingly, emerging evidence suggests that rare, biallelic pathogenic variants of TANGO2, a gene in the 22q11.2 region involved in mitochondrial function, are associated with arrhythmias, seizures, metabolic disturbances, and premature death, usually in childhood. 12 Studies of this gene on the intact allele in 22q11.2DS, including reported recurrent single-nucleotide and structural variants, 12 may shed light on whether TANGO2 is related to vulnerability to sudden death. Another consideration is the phenomenon of sudden unexpected death in epilepsy (SUDEP), given the elevated prevalence of epilepsy in 22q11.2DS (~10%). 1, 4, 32 However, we note that amongst the deceased patients with 22q11.2DS, four had epilepsy and of these only one had a sudden unexpected death.
As in recent studies of adult outcome in CHD, 33 individuals in our 22q11.2DS cohort are now living long enough to die of cancer, the leading cause of death in Canada (median age at diagnosis 66 years). 34, 35 The three individuals in our study who died of cancer did so at a younger age than population expectations for median age of death for those specific cancers (lung, breast, and cervical). 35 These results are consistent with previous reports of possible predisposition for malignancy in children with 22q11.2DS. 1, 36, 37 Larger samples will be needed to determine whether there is an increased vulnerability and whether this may relate to T-cell deficits, and/or aberrant immune surveillance, that could predispose to carcinogenic viruses such as Epstein-Barr virus or human papillomavirus (HPV). 35, 36 Nonetheless, the findings collectively signify the need for vigilance. This includes encouraging active preventive measures such as the HPV vaccine, routine cancer screening including Pap smears, and counseling on smoking cessation for individuals with 22q11.2DS. 36 This is similar to preventive care recommendations for individuals from disadvantaged populations for whom access to health care may be a barrier. 14, 15, 29 Similarly, the high risk (about 1 in 4) of psychotic illness in 22q11.2DS necessitates vigilance to ensure prompt diagnosis and effective treatment, 4, 38 with active monitoring for suicidality and metabolic parameters that may increase mortality risk. 4, 28, [38] [39] [40] Of these 31 deaths, 12 were previously reported: sudden cardiac death (n = 6), heart failure (n = 2), and one each of pneumonia, septic shock, stroke, and suicide 5 .
Advantages and limitations
This is the largest study of adult mortality in 22q11.2DS to date. In contrast to an earlier, smaller study, 5 power was sufficient to detect significant effects of major CHD independent of those for the 22q11.2 deletion. There were however several limitations. By design, the focus on adults meant that the sample was biased towards individuals with 22q11.2DS who survived to adulthood. Although pediatric research indicates this is by far the norm now for 22q11.2DS, 1, 4 there may also be some tendency to relatively less severe phenotypes; we attempted to account for this by selecting predictor variables such as major CHD and age at laboratory diagnosis. On the other hand, ascertainment was mainly through congenital cardiac centers and neuropsychiatric and genetics-based referrals that could tend to bias the sample toward certain phenotypes. In addition, the overall 22q11.2DS sample was relatively young, despite up to 21 years of follow-up. Incomplete information on de novo status of the 22q11.2 deletion is inevitable given the adult sample used; however, we have addressed this as before with published clinical screening methods. 9 Nonetheless, some affected siblings and parents may have been inadvertently included; however, this likely would have only modestly affected the level of statistical significance. The results may not be entirely generalizable to regions without publicly funded health care and/or a specialty center for adults with 22q11.2DS. Also, with respect to determining cause of death, pathology reports were available for just 10 of 31 deaths and this may be a particular limitation given the high prevalence of apparent sudden cardiac death for which we had only four autopsies.
Conclusions and future directions
The results of this study demonstrate that, compared with their closest relatives, individuals with 22q11.2DS had a higher risk of all-cause mortality that was significantly related to both global effects of the 22q11.2 deletion and more complex CHD that is often associated with the syndrome. Future studies would benefit from investigating predictors of mortality in larger samples of 22q11.2DS, including those without CHD and older individuals, to detect more subtle effects on mortality. Incorporating molecular genetic and/or relevant marker data, and prospectively collected natural history, could help pinpoint parameters amenable to targeted management. With advances in earlier detection and diagnosis of 22q11.2DS, a greater understanding of longterm outcomes including mortality will benefit patients, families, clinicians, and policy makers.
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